Climate change has led to major changes in the phenology (the timing of seasonal activities, such as flowering) of some species but not others. The extent to which flowering-time response to temperature is shared among closely related species might have important consequences for community-wide patterns of species loss under rapid climate change. Henry David Thoreau initiated a dataset of the Concord, Massachusetts, flora that spans Ϸ150 years and provides information on changes in species abundance and flowering time. When these data are analyzed in a phylogenetic context, they indicate that change in abundance is strongly correlated with flowering-time response. Species that do not respond to temperature have decreased greatly in abundance, and include among others anemones and buttercups [Ranunculaceae pro parte (p.p.)], asters and campanulas (Asterales), bluets (Rubiaceae p.p.), bladderworts (Lentibulariaceae), dogwoods (Cornaceae), lilies (Liliales), mints (Lamiaceae p.p.), orchids (Orchidaceae), roses (Rosaceae p.p.), saxifrages (Saxifragales), and violets (Malpighiales). Because flowering-time response traits are shared among closely related species, our findings suggest that climate change has affected and will likely continue to shape the phylogenetically biased pattern of species loss in Thoreau's woods. conservation ͉ extinction ͉ phenology ͉ phylogenetic conservatism ͉ phylogeny
T he impact of climate change on species and communities has been well documented. Arctic forests are shifting poleward and alpine tree lines are shifting upward (1-3); spring flowering time is advancing rapidly (4-7); pest outbreaks are spreading (8) ; and numerous species are declining in abundance and risk extinction (9) . However, despite these generalized trends, species vary dramatically in their responses to climate change. For example, although the spring flowering times of many temperate plants are advancing, some are not changing and others are flowering later in the season (5, 10, 11) . Understanding the evolutionary (i.e., phylogenetic) history of traits that are influenced by climate (e.g., flowering phenology) has been an underexplored area of climate change biology, despite the fact that it could prove especially useful in predicting how species and communities will respond to future climate change. Closely related species often share similar traits, a pattern known as phylogenetic conservatism (12) (13) (14) (15) (16) 17) . If closely related species share similar traits that make them more susceptible to climate change (14, 17) , species loss may not be random or uniform, but rather biased against certain lineages in the Tree of Life (i.e., phylogenetic selectivity; see ref. 18 ). However, a deeper inquiry into these patterns has been hampered largely because adequate datasets documenting community-wide responses to climate change are exceedingly rare.
During the mid-19th century, the naturalist and conservationist Henry David Thoreau spent decades exploring the temperate fields, wetlands, and deciduous forests of Concord, Massachusetts, in the northeastern United States. He wrote extensively about the natural history of the area (19) and kept meticulous notes on plant species occurrences and flowering times (11, 20) . Several botanists have since resurveyed the Concord area, thus providing a unique community-level perspective on changes in its floristic composition and flowering times during the past Ϸ150 years (11, 20) . Despite the fact that Ϸ60% of all natural areas in Concord are undeveloped or have remained well protected, a striking number of species have become locally extinct: 27% of the species documented by Thoreau have been lost, and 36% exist in such low population abundances that their extirpation may be imminent (20) . Also, the species that have been lost are overly represented in particular plant families (20) , suggesting that extinction risk may be phylogenetically biased.
Although habitat loss due to succession and development (e.g., loss of wetlands, abandonment of farms, reforestation, and construction of homes and roads) has contributed to decreases in abundance for some species in Thoreau's Concord (20) , climate change may also help to explain the seemingly nonrandom pattern of species loss among certain plant groups. It has been shown recently (11) that the mean annual temperature in the Concord area has risen by 2.4°C over the past Ϸ100 years and that this temperature change is associated with shifts in flowering time: species are now flowering an average of 7 days earlier than in Thoreau's time. Along with changes in flowering phenology, species range is likely to be influenced by climate change (21) . Thus, the Concord surveys provide a unique opportunity to examine the extent to which changes in abundance may be correlated with these climatologically sensitive traits. Also, by incorporating phylogenetic history into our analyses, we can test whether species that share similar traits are closely related (i.e., phylogenetic conservatism), and to what extent these traits correlate with decreases in abundance. Such findings could identify groups of closely related species that are at higher risk of extinction (18, 22) .
The data for the 473 species we analyzed were collected by Thoreau (1852 Thoreau ( -1858 , Hosmer (1878, (1888) (1889) (1890) (1891) (1892) (1893) (1894) (1895) (1896) (1897) (1898) (1899) (1900) (1901) (1902) , and Miller-Rushing and Primack (2003 Primack ( -2007 ) (see Materials and Methods; see refs. 20 and 23). Scorings include information on changes in species abundance, species habitat, and 2 separate measures of flowering-time response to temperature (i.e., the ability of species flowering time to track short-term seasonal temperature changes, and the shift in species flowering time over long-term intervals). We further scored the current mean latitudinal range and native/introduced status of each species. We constructed a composite phylogeny of all species to test for: (i) the phylogenetic conservatism of each trait, and (ii) correlations between these traits and change in abundance when accounting for phylogeny.
Results and Discussion
Our results ( Fig. 1 and Table 1 ) indicate that change in abundance and f lowering-time response traits were phylogenetically conserved, which indicates that species evolutionary history is important to understanding community response to climate change. Species that are declining in abundance are more closely related than expected by chance. Similarly, species that exhibit similar f lowering-time responses to temperature are more closely related than expected by chance. In contrast, latitudinal range was not phylogenetically conserved For simplicity, we have indicated this reconstruction by using 4 colors: red (major decline, Ϫ5 to Ϫ3), pink (moderate decline, Ϫ2), gray (little to no change, Ϫ1 to ϩ1), and blue (increase, ϩ2 to ϩ4). For the complete character reconstruction and taxon labels see Fig. S1 . Average decline in abundance was calculated for all internal nodes as the mean change in abundance of descendant nodes weighted with branch length information ascertained from divergence time estimates. An average decline of 2.5 or greater corresponds to a decline in abundance of 50% or greater, based on our most conservative scoring using 6 abundance categories (0 to 5; see Materials in Methods). Clades exhibiting these major declines are indicated with black dots. Each of the most inclusive clades exhibiting these declines are indicated in pink and referenced numerically to their clade name. Subclades in major decline that are nested within more widely recognized clades are labeled with the more familiar name followed by pro parte (p.p.). These clades include some of the most charismatic wildflower species in New England, such as anemones and buttercups (Ranunculaceae p.p.), asters, campanulas, goldenrods, pussytoes, and thistles (Asterales), bedstraws and bluets (Rubiaceae p.p.), bladderworts 
Tests used a phylogeny with branch lengths adjusted for time. The significance of phylogenetic conservatism was tested by comparing the rank of the observed standard deviation (SD) of descendent trait means to a null model based on 9,999 random iterations of trait distributions across the composite phylogeny. The observed rank is compared with a 2-tail test of significance, i.e., an observed rank of 250 equals a P value of 0.05. Trait correlations were tested by using the comparative methods of generalized estimating equations (GEE). Estimates describe the direction and magnitude of the correlation (e.g., a negative estimate ͓Ϫ0.1͔ of mean latitude with change in abundance suggests that species from more southerly latitudes are increasing in abundance). (i.e., phylogeny is not important in explaining the latitudinal distribution of species).
The ability of species to track seasonal temperatures was correlated with changes in abundance: species whose flowering time does not track seasonal temperature have greatly declined in abundance over the past Ϸ100 years. Similarly, shifts in species flowering time across all 3 long-term time intervals (1850-1900, 1900-2006, and 1850-2006) were correlated with change in abundance: species that are not flowering earlier have declined in abundance. Last, species range was correlated with change in abundance: more northerly species have decreased in abundance in relation to southerly species. Our results are robust: (i) when controlling for multiple variables that may additionally affect decline in abundance [i.e., initial abundance, habitat, native/ introduced status, and flowering season (date of first flowering); see Table 1 ], (ii) to branch length information [supporting information (SI) Table S1], and (iii) to phylogenetic uncertainty (Table S2 ).
These results demonstrate that there is a phylogenetically selective pattern of change in abundance. Decreases in abundance have been disproportionately high in certain clades, including asters, bladderworts, buttercups, dogwoods, lilies, louseworts, mints, orchids, saxifrages, and violets (see Fig. 1 ). This result confirms previous floristic studies across similar time spans demonstrating that the risk of plant extinction (i.e., occurring in low abundance; see ref. 24 ) is taxonomically (20, (25) (26) (27) and phylogenetically (28) shared among close relatives. However, to our knowledge our study is the first to report that the phylogenetic selectivity of extinction risk is correlated with traits directly influenced by climate change. Species whose flowering times are not responsive to changes in temperature are decreasing in abundance. Most strikingly, species with the ability to track short-term seasonal temperature variation have fared significantly better under recent warming trends. In addition, species whose flowering times have shifted to be earlier in the year over the long-term have also fared significantly better under recent warming trends. Based on our regression estimates (Table  1) , change in abundance over the last Ϸ100 years is greatest when assessed against the ability of species to track short-term seasonal temperature versus long-term flowering shifts. Thus, the association between flowering-time tracking and change in abundance is a better estimator of species response to rising temperatures. Interestingly, these 2 flowering-time response traits are significantly, but weakly correlated. This weak correlation raises the possibility of different mechanisms of phenological response to climate change (e.g., plasticity, adaptation; see refs. 29 and 30) . Alternatively, confounding factors such as changes in population size may affect estimates of long-term shifts in first flowering dates, but would be less likely to influence estimates of tracking climate change over the short term (31) .
Asynchronous phenological responses resulting from rapid climate change can have negative fitness effects on organisms, leading to dramatic declines in population sizes or local extinction (32) . Selection on flowering phenology may be direct, for example, owing to a lack of available insect pollinators (33, 34) or due to increased flower-predation (35) . Interestingly, phenological responses of insects also appear to be correlated with seasonal temperature (7) , suggesting that plant species that respond to temperature change may better maintain important synchronous interactions, such as those between plants and pollinators (36) , or better avoid negative interactions, such as predation. Alternatively, selection on flowering phenology may be indirect by acting on phenological traits that are correlated with flowering time (e.g., leafing out times, germination; see refs. 37 and 38). For example, earlier snowmelt in the Rocky Mountains has been shown to induce early spring vegetative growth in certain species, exposing young buds and flowers to frost damage and causing declines in the sizes of some populations (39) .
Last, the decline of more northerly distributed species suggests yet another impact of climate change: shifting species ranges. However, in our study species range was not phylogenetically conserved, meaning that it cannot explain the phylogenetic pattern of species loss. Thus, our results suggest that floweringtime response, and not species range, better explain the phylogenetic nature of extinction risk among flowering plants experiencing rapid climate change in Concord. For this reason, species range models that attempt to predict species response to climate change may be improved if they include species phenology, particularly the ability of species to track seasonal changes in climate.
Climate change appears to have had a dramatic role in shaping the contemporary composition of the Concord flora. Given that climate models predict at least a 1.1-6.4°C increase in temperature during this century (22) , changes in the Concord flora will likely continue to be shaped in a phylogenetically biased manner. Although phylogenetic selectivity of extinction risk has been documented in animals (22) and plants (28) , our study provides the strongest evidence to date that the phylogenetic pattern of extinction risk may be due to climate change.
To the extent that local extinction of species underlies their global extinction (18, 40) , these results represent a link between the impacts of climate change on local community composition and broader patterns of taxonomic selectivity observed in the fossil record during past mass extinction events (41, 42) . Patterns of recent species loss under rapid global climate change can potentially illuminate the processes underlying past extinction events where the pattern of loss may be well characterized, but the process is less clear (e.g., the Permian-Triassic mass extinction event). In the near term, this pattern of phylogenetic selectivity is likely to have an accelerated impact on the loss of species diversity: groups of closely related species are being selectively trimmed from the Tree of Life, rather than individual species being randomly pruned from its tips. Given that climateinfluenced loss of phylodiversity has been so great in Concord, despite 60% of the area being well protected or undeveloped since the time of Thoreau, a more global approach to conservation prioritization is necessary to minimize future species loss. Developing global conservation strategies will necessitate including information not only on species life history, but on their evolutionary history as well (43) .
Materials and Methods
Study Site. Concord, Massachusetts (42°27Ј38ЈЈ N; 71°20Ј54ЈЈ W), is a small township encompassing 67 km 2 . Although the town has undergone extensive development since the time of Thoreau, Ϸ60% of the total area has been undeveloped or remained well protected through the efforts of numerous national, state, local, and private parks, and land-trusts (20) . (20) . Thoreau and Hosmer did not generally census graminoids, windpollinated trees, and wind/water pollinated aquatics due to the difficulty of determining the start of flowering; Primack and Miller-Rushing also did not sample these groups. These exclusions are not likely to affect our results for the following reasons. First, the existing sampling includes the majority (Ϸ70%) of species in Concord sensu the most comprehensive flora by Eaton (44) . Second, this sampling represents all major branches of the angiosperm phylogeny ( Fig. S1 ; www.huh.harvard.edu/research/staff/davis/ Fig. S1 .pdf; references for composite phylogeny construction embedded therein). Third, the exclusion of predominately wind pollinated species is not likely to have an effect on the relationship between change in abundance and flowering-time response traits: climate change appears to be much more likely to affect more conspicuously flowered, insect pollinated, species included in our dataset by means of the disruption of plant-pollinator fidelity (36) . Records from 1888 to 1902 included the following 6 abundance categories: Very common, common, frequent, infrequent, uncommon, and rare. Abundance categories from 2003 to 2007 were approximated to match the 1888 -1902 survey by using Hosmer's journal records, and include: very common (found throughout the area), common (occurring in Ͼ3 localities), frequent (occurring in 3 localities), infrequent (occurring in 2 localities), rare (occur in 1 locality), and very rare (10 or less individuals in a single locality). These 6 abundance categories were treated as a continuous trait scored from high (6) to low (1) abundance, with an additional scoring of zero for any species absent from a given survey. We also analyzed these data with the categories very common and common combined (i.e., states 5 to 0). This more conservative scoring did not significantly affect our results (results not shown).
Change in abundance was defined as the difference in abundance between the 1888 -1902 and 2003-2007 surveys; 44 taxa that were indicated as rare in 1900 and extinct in 2007 were excluded. Rare species are considerably more likely to go extinct by chance alone (24) , and so might bias our results by inflating declines in abundance.
Habitat. Species were assigned to 1 of 5 habitat categories: forest, grassland and field, roadside, wetland, and aquatic. When species occurred in 2 or more habitats, they were assigned to the habitat where Eaton and Primack and Miller-Rushing saw the species most frequently (20) . Habitat was included as a covariate in the models to control for the effect of habitat loss on extinction (see Phylogenetic Conservatism and Trait Correlations below). Importantly, species were lost from all habitats at approximately the same rate (20) , which indicates that no habitat was particularly biased toward higher rates of extinction. This result, especially when considering the protected nature of the Concord area, indicates that these patterns of local extirpation cannot be simply explained by human development or succession.
Flowering-Time Response: Flowering-Time Tracking of Seasonal Temperature.
The 15-year period between 1888 and 1902 provides the longest survey period to quantify the tracking of species flowering time with seasonal temperature. Flowering-time tracking was determined with regard to seasonal variation in winter temperature (average temperature over January, April, and May; see ref. 11). April and May represent monthly temperatures commonly associated with annual flowering in this region. The month of January was also included because it was found to correlate with the flowering time of many species. This correlation is presumably due to the severe cold of midwinter, which can damage plants and, thus, delay spring flowering (23) . Flowering-time tracking was quantified as the correlation coefficient between annual first flowering day and winter temperature (11) . Unlike flowering-time shift, our measure of flowering-time tracking from 1888 to 1902 is less likely to be affected by changes in abundance because population size was likely more stable during this shorter period (31) . This trait provides an important measure of a species ability to respond to short-term temperature variation, allowing us to relate short-term temperature response with long-term changes in abundance from 1900 to 2006.
Flowering-Time Response: Shift in Flowering Time.
First day of flowering was recorded by Thoreau, Hosmer, and Miller-Rushing and Primack for 465, 461, and 478 species, respectively. Observations were recorded annually for nearly all species over the duration of each botanists' survey (11) . The timing of first flowering for each species was averaged over each botanists' survey period. Shift in first flowering day was calculated as the difference in mean first flowering day from 1850 -1900, 1850 -2007, and 1900 -2007 (11) . Name Standardization. We standardized species names in the Concord flora by using the U.S. Department of Agriculture PLANTS Database (45) . The most current accepted species name recognized in the database was used as our ''correct'' species name. This standardized taxonomy was then used in all downstream applications including species range estimation and phylogentic tree construction (see below). In a small number of cases (18 species), sister species were identified as synonyms. These sister taxa were collapsed into a single taxon.
Species Latitudinal Range Estimation.
The latitudinal data of species were compiled from several online databases including: the U.S. Department of Agriculture PLANTS Database, the National Herbarium of Canada, the Canadian Biodiversity Information Facility, the Royal Botanic Gardens Kew, Fairchild Tropical Botanic Garden, and the Missouri Botanical Garden (TROPICOS). Latitudinal data in these databases were derived from the literature, fieldbased observations, and herbarium specimens. In total, 384,292 data points were obtained for 530 species with a median of 608 observations per species. Three species with Ͻ20 observations were not included in the analysis due to the paucity of data. The average latitude for each species was obtained across the contiguous United States and adjacent Canada. The mean latitude for each species was weighted by the number of observations across the range, which more accurately represents the latitudinal affinity of each species.
Local declines in species abundance could be due to populations occurring at the edge of their ranges, and thus their environmental tolerances. Alternatively, if climate change is shifting environments northward, we would expect species with a range edge more north of Concord to be declining in abundance. We tested for the effect of species range edge on decline in abundance, and found that species with range edges north of Concord, rather than near to Concord, were much more likely to have declined in abundance. This finding supports the notion that species decline is likely associated with shifting environments resulting from climate change rather than to a local range edge effect. Because species mean latitudinal range was found to be a much better predictor of decline in abundance when analyzed with species range edge, however, the latter was excluded from our analyses. Native/Introduced Status. We obtained native/introduced status for each species from the U.S. Department of Agriculture PLANTS Database (45) . Species were scored as ''native'' if they occurred in the continental United States or Canada at the time of Columbus, and ''introduced'' if they arrived from other regions since that time. A small number of species (11 species) were coded ambiguously as ''native and probably introduced'' and were not included in our analyses.
Phylogeny Construction.
A composite phylogeny of all species was constructed with Phylomatic version 1 (46) and was further resolved above the generic level by using recently published molecular phylogenies. Studies using Ͼ1 gene were preferred, and bootstrap support Ͼ80% was required to resolve relationships. Branch lengths were scaled to be approximately equal to time with divergence time estimates aggregated in Phylocom version 3.41 by using the 'BLADJ' function (47) . Our composite phylogeny with branch lengths scaled for time (www.huh.harvard.edu/research/staff/davis/ Fig. S2 .pdf, references for composite phylogeny construction embedded in Fig. S1 ) is available on TreeBASE (www.treebase.org). Species were pruned from this tree as necessary depending on data availability for each analysis. To test the robustness of our results to uncertainties associated with divergence time estimation, we also ran our analyses on the same composite tree, but with branch lengths set to 1.
Phylogenetic Conservatism and Trait Correlations.
The phylogenetic conservatism of each trait was evaluated separately by calculating the average magnitude of standard deviation (SD) of descendant nodes over the phylogeny, by using methods modified from Blomberg and Garland (48) as implemented in Phylocom by using the analysis of traits function (47) .
Standard trait correlations can be biased by species relatedness (49, 50) . To account for evolutionary history in trait correlations, we used the comparative method of generalized estimating equations (GEE; ref. 51) , as implemented in APE version 2.1-3 (52) . GEE incorporates a phylogenetic distance matrix into the framework of a general linear model. Importantly for this study, GEE also permits the simultaneous analysis of multiple categorical and continuous traits as covariates in the same model. The inclusion of covariates allowed us to control for the effects of other factors that are likely to have an impact on change in abundance, including initial abundance, habitat, native/introduced status, and flowering season.
We These analyses make the assumption that intraspecific variation is less than interspecific variation. Given the phylogenetic scale at which we are compar-ing species (i.e., across all angiosperms) this is a reasonable assumption and has been demonstrated empirically (53) . Sensitivity Analyses. We tested the sensitivity of our results to branch length by setting all branch lengths to 1. Also, we tested the sensitivity of our results to phylogenetic uncertainty (54) . All of our analyses were tested across a set of 50 trees where the polytomies were randomly resolved on each by using the program Mesquite (55) . All results were robust to these sensitivity analyses (Table S1 and Table S2 ). 
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The significance of phylogenetic conservatism was tested by comparing the rank of the observed standard deviation (SD) of descendent trait means with a null model based on 9,999 random iterations of trait distributions across the composite phylogeny. The observed rank is compared with a 2-tail test of significance, i.e., an observed (obs.) rank of 250 equals a P value of 0.05. Trait correlations were tested by using a general estimator equation (GEE). Estimates describe the direction and magnitude of the correlation (e.g., a negative estimate ͓Ϫ0.1͔ of mean latitude with change in abundance suggests that species from more southerly latitudes are increasing in abundance). Phylogenetic conservatism and trait correlations tested over 50 trees with randomly resolved polytomies. Median statistic of these analyses are reported in the table. The significance of phylogenetic conservatism was tested by comparing the rank of the observed SD of descendent trait means with a null model based on 9,999 random iterations of trait distributions across the composite phylogeny. The observed rank is compared with a 2-tail test of significance, i.e., an observed rank of 250 equals a P value of 0.05. Trait correlations were tested by using a GEE. Estimates describe the direction and magnitude of the correlation (e.g., a negative estimate ͓Ϫ0.1͔ of mean latitude with change in abundance suggests that species from more southerly latitudes are increasing in abundance). 
